Enhancing photovoltaic (PV) functionality at low cost and by high-rate processes is critically needed. Current challenges in PV development primarily arise from limited understanding of process-property relationships, since PV data is increasingly heterogeneous, complex, and multiscaled. Therefore, an accelerated complex decision-making process is crucial for finding quantitative processing-property-performance relationships (QPPPRs). Our goal is to optimally combine processing routes to meet multiple PV performance requirements, regardless of laboratoryto-fabrication scaling.
Figure 1. Parallel coordinates simultaneously elucidating quantitative processing-property-performance relationships (QPPPRs) of aluminum-doped zinc oxide (AZO) films. Blue polygons represent the reference AZO sample, based on a copper indium gallium selenide (CIGS, CuIn
high-dimensional AZO data into low-dimensional information visualization. Figure 1 illustrates the parallel coordinate, 3 a high-dimensional visualization approach-to visualize numerous correlations of cross-linked variables in AZO datasets-for overcoming dimensionality. The abscissa in parallel coordinates represents each variable and the ordinate represents ten different levels of variables. Interesting associations between factors (i.e., process conditions) and responses of AZO thin films are more easily visualized. For instance, the figures of merit at 500 and 550nm (#33 and #34, respectively) of the AZO films 4, 5 result from noticeably low values of #2 (forward power of sputtering target) and #3 (process pressure of sputtering chamber). They also result from an increase in #13 (mobility) and #8 (film thickness), with decreasing #11 and #12 (film resistivities). Effects of #2 and #3 on thin-film properties have been reported. 6, 7 We will soon publish parallel-coordinate results. To more effectively elucidate QPPPRs, it is often useful to organize variables based on similarity. In Figure 2 (a), we demonstrate the use of hierarchical agglomerative clustering (HAC) algorithms, representing clustering of reorganized AZO variables based on their pair-wise similarities. 8 Figure 2(b) is a heat map that visualizes the results of Figure 2(a) . Our adapted HAC algorithm is a much more robust and systematic dataanalysis technique than the conventional HAC approach. It emphasizes local distance between points in the high-dimensional feature (variable) space and captures nonlinearities in the data by diffusion-map embedding. 9 In summary, PV informatics efforts based on linear data mining have recently become pervasive, ranging from combinatorial experiments to defining search/design spaces of transparent conducting oxides. 10, 11 Linear projection-based clustering of the features space is often inadequate, because PV data may be nonlinearly interrelated. Consequently, we also characterize the control process by nonlinear regression techniques. 12 In future work, an accurate model of this form will expand our virtual metrology tools, explicitly optimizing desired features and exploring functional relationships between process controls and PV properties.
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